The adsorption properties of benzene derivatives from water on allophane, extracted from soil, have been investigated by UV and FTIR spectroscopic measurements. Allophane adsorbs benzoic acid, phthalic acid, benzaldehyde, ethyl benzoate, and diethyl phthalate. Benzoic acid, phthalic acid, and benzaldehyde formed carboxylate anions on the positive sites of the hydrated alumina surface of allophane. In the case of adsorption from an acidic solution (pH 2), a small amount of a neutral species of benzoic acid was detected on the allophane. Ethyl benzoate and diethyl phthalate were adsorbed by an interaction between their carbonyl groups and the hydroxyl groups of the allophane. It was confirmed that allophane has an adsorption ability for the benzene derivatives that are not only ionic but also polar molecules. Allophane was found to be available as an absorbent for use in water purification by a simple procedure.
Introduction
Some clay minerals have a high activity for ion exchange, adsorption, and catalyst uses, and they are also available for water purification (Bergaya et al., 2006; Cea et al., 2007; Xu et al., 1998) . Environmental water purification is a very important subject in today's world because of the serious problems resulting from the bad management of some chemicals in the past. Clay minerals in soil spontaneously purge some chemicals in the natural world. The chemicals are expected to be decomposed while they are adsorbed on the clay minerals by the biological actions reported in a paper (Fisenko, 2004) .
Some benzene derivatives, such as dialkyl phthalate, have been suspected of being endocrine disruptors. Besides polluting soil and groundwater, such compounds may affect animal/human fertility and reproduction.
Allophane, a natural clay mineral distributed throughout the world, is a hydrated aluminosilicate (1−2SiO 2 •Al 2 O 3 •5−6H 2 O) having a 3.5−5.0 nm-sized hollow spherical structure with 0.3−0.5 nm-sized defects on its surface (Kitagawa, 1971; Henmi and Wada, 1976; Wada and Wada, 1977; Hall et al., 1985; van der Gaast et al., 1985) . The walls in the hollow spheres consist of two layers, inner silica and outer alumina layers, and hydroxyl groups or water of hydration on their surface. Some studies suggest that these surfaces have a high ability to adsorb ionic or polar pollutants due to an amphoteric ion-exchange activity (Theng, 1972; Clark and McBride, 1984; Hanudin et al., 1999; Gustafsson, 2001; Hashizume et al. 2002; Jara et al., 2006) and high surface area (Kitagawa, 1971; Hall et al., 1985) . Allophane has, in part, been applied to wall materials to control humidity in the air. However, only a small amount of allophane distributed throughout the world has been utilized, and its chemical properties have not been effectively utilized. Basic studies on the adsorption of harmful aromatic molecules are needed.
However, there is no report describing the detailed structure of aromatic molecules adsorbed on allophane.
In this study, we have investigated the absorption properties for benzene derivatives, i.e., benzoic acid, phthalic acid, benzaldehyde, ethyl benzoate, and diethyl phthalate, by allophane in order to assess its utilization as an absorbent for water purification. The adsorption was quantitatively evaluated by measuring UV absorption spectra, and the adsorption structure was determined by examining the IR spectra.
Experimental

Materials
Benzoic acid (reagent grade), phthalic acid (S, = special, grade), benzaldehyde (S grade), and ethyl benzoate (S grade), purchased from Wako Pure Chemicals, were used without further purification (Scheme 1). Diethyl phthalate (reagent grade) was purchased from Kanto Chemicals and was used without further purification. Water, which was deionized and then distilled, was used as a solvent. Hydrochloric acid (S grade) and sodium hydroxide (S grade), purchased from Wako Pure Chemicals, were used without further purification to control the acidity of the solutions. Allophane was extracted by elutriation of Kanuma soil from Tochigi, Japan (Wada and Wada, 1977; Hall et al., 1985; Wada, 2001) . The soil grains were suspended in water and agitated on a reciprocal shaker. 
Measurements
Aqueous solutions of benzoic acid, phthalic acid, benzaldehyde, ethyl benzoate, and diethyl phthalate were adjusted to 1.0 × 10 −4 and 1.0 × 10 −3 mol dm −3 . A 1.0 g allophane sample was dispersed in 30.0 cm 3 of the solutions. The dispersions were stirred for 1−30 days and then centrifuged. The UV absorption spectra of the clear solutions were measured as a function of time using a Shimadzu UV-2500PC spectrophotometer, and the amounts of the adsorbed compounds were estimated from the concentration differences. The spectral changes were mainly determined in the 1.0 × 10 −4 mol dm −3 solutions of the benzene derivatives. In this study, the amounts of the benzene derivatives adsorbed on allophane were simply estimated by the UV absorption measurements of the 1.0 × 10 −3 mol dm −3 solutions, in which the adsorption was almost saturated. The molar ratio of the benzene derivatives in these solutions to the aluminosilicate unit of allophane was ca. 1/100. A 1.0 g allophane sample was dispersed in saturated aqueous solutions of benzoic acid, phthalic acid, ethyl benzoate, and diethyl phthalate, and in pure benzaldehyde. The pH value of the aqueous solution of benzoic acid was adjusted to 2.0−11 and was measured with a TOA HM-10P pH meter. These dispersions were stirred for 5 days and then centrifuged to obtain the allophane samples containing the adsorbed benzene derivatives. All samples and the pure benzene derivatives were pressed in KBr pellets for the FT-IR analysis (Shimadzu FTIR-8200 spectrophotometer). The spectra of the benzene derivatives adsorbed on allophane were obtained by subtracting those of allophane.
Results and discussion
Adsorption of esters
The spectrum of diethylphthalate exhibited two peaks at 235 and 276 nm and a strong band at less than 210 nm ( The IR peaks of the diethyl phthalate (Fig. 2) were located at 2985, 1728, and 1285 cm −1 assigned to the CH 2 /CH 3 antisymmetry stretching, the C=O stretching, and C−O−C antisymmetry stretching vibrations. The spectra of the diethyl phthalate adsorbed on allophane showed peaks at 2984, 1718, and 1292 cm −1 , the latter two peaks assigned to the C=O and C−O−C stretching vibrations, were shifted to the lower and higher wavenumber sides, respectively. The spectral shift indicates an interaction between the carbonyl group of the molecules and the hydroxyl groups on the surface of the allophane. Ethyl benzoate also exhibited spectral shifts from 1718 to 1713 cm −1 for C=O and from 1278 to 1286 cm −1 for C−O−C, which were similar to those of diethyl phthalate.
( Figure 2) 
Adsorption of aldehyde and carboxylic acids
The UV peak and shoulder of benzoic acid before the addition of allophane were located at 230 and 274 nm. The spectra of the allophane suspension showed a peak at 224 nm and a shoulder at around 280nm due to formation of the benzoate anion. The absorbance decreased rapidly within 1 day (Fig.3a) . The spectra of benzaldehyde exhibited a peak at 250 nm and a shoulder at around 280nm (Fig. 3b) . The spectral intensity for both compounds gradually decreased with time and attained equilibrium after around 10 days. The absorbance for benzoic acid and benzaldehyde decreased by 87% and 96%, respectively. The adsorption rates were somewhat faster than that for diethyl phthalate. The pH values in the suspensions of both benzoic acid and benzaldehyde were around 6. The amounts of benzoic acid and benzaldehyde adsorbed per gram of allophane were 3.6±0.2 and 6.2±0.3 × 10 −6 mol g −1 , respectively. The adsorption isotherm of these compounds was similar to that of Langmuir type. respectively. These carboxylic acids were adsorbed on allophane as carboxylate anions (Klug and Forsling, 1999; Rosenqvist et al., 2003; Lee and Reeder, 2006) . The spectrum of the benzaldehyde-adsorbed allophane exhibited peaks at 1605 and 1497 cm −1 for the skeletal vibration of the benzene ring and at 1566 and 1437 cm −1 for the COO − antisymmetry and symmetry stretching bands, respectively (Guil et al., 2005) . The peaks typical of benzaldehyde at 1703 cm −1 for the C=O stretching, 1390 cm −1 for the C−H bending, and 1204 cm −1 for the C−CO in-plane bending were weak. Benzaldehyde was also adsorbed and formed benzoate anion on allophane due to nucleophilic attack on the carbonyl group by the surface oxygen as reported for ZnO (Bowker et al., 1983) . A shoulder was found at 1690−1680 cm −1 , which indicates that the C=O groups of benzaldehyde, in part, interacted with the hydroxyl groups of allophane.
( Figure 4) 
pH dependence of adsorption of carboxylic acid
The adsorption amount of benzoic acid depended on the pH value of the suspension (Fig. 5) .
The dissociation constant of benzoic acid, pK a , is 4.2. The pK a of the −AlOH 2 + group on allophane is reported to be around 6 (Clark and McBride, 1984; Hanudin et al., 1999) . The intensity of the IR bands of benzoic acid adsorbed at pH 5.0 was clearly higher than that adsorbed at pH 11 because the electrostatic interaction between the benzoate anion and the −AlOH 2 + group enhanced its adsorption on allophane (Clark and McBride, 1984; Hanudin et al., 1999; Klug and Forsling, 1999) . The spectrum of benzoic acid adsorbed at pH 2 was somewhat different from the other spectra. A very weak carboxylate band and a peak at around 1655 cm −1 were observed.
The latter band originated from the carboxyl C=O interacting with the hydroxyl groups of allophane because the peak was shifted to a lower wavelength compared to that of pure benzoic acid. A small amount of protonated benzoic acid was adsorbed on the allophane.
( Figure 5) 
Conclusions
UV and IR spectroscopic measurements revealed that allophane adsorbed benzoic acid, phthalic acid, benzaldehyde, ethyl benzoate, and diethyl phthalate. Benzoic acid, phthalic acid, and benzaldehyde formed benzoate or phthalate anions on the positive sites of the hydrated alumina surface of allophane. In the case of adsorption from an acidic solution, a small amount of a neutral species of benzoic acid was detected. Ethyl benzoate and diethyl phthalate were adsorbed by interaction of the carbonyl groups and the hydroxyl groups of allophane. Allophane was found to be useful as an absorbent for water purification. Figure 2 IR spectra of (1) diethyl phthalate and (2) diethyl phthalate adsorbed on allophane. 
